57 Fe layers evaporated onto an MgO(100) single-crystal substrate and covered by an evaporated MgO layer were studied by low-temperature conversion electron Mössbauer spectroscopy. The temperature dependence of the spectra indicates superparamagnetic behavior below 8 ML nominal thickness of the Fe layer signaling a cluster-type growth mode. The low-temperature hyperfine fields are consistent with a model that defines two types of metallic Fe atoms: bulklike and interfacial ones. Formation of FeO or (Fe,Mg)O at the interface layer is not observed. The sample with a 4-ML Fe layer when grown over a cleaved MgO substrate shows almost perfect perpendicular magnetization, as locally probed at 15 K by the hyperfine magnetic field, while random magnetization orientation and lower blocking temperature is observed in the case of a polished substrate. The perpendicular anisotropy observed at low temperature is attributed to mechanical stresses arising from the epitaxial relation and the different temperature dilatation of the subsequent layers.
I. INTRODUCTION
The structural, electronic, and magnetic properties of the Fe-MgO interface have attracted a lot of interest for a long time. MgO single crystals have been frequently used as substrate material to Fe thin films because of the attainable epitaxial growth mode with a small lattice mismatch. [1] [2] [3] The theoretically predicted 4 lack of electronic interaction between Fe and MgO and the calculated giant Fe monolayer magnetization inspired many experimental works on the magnetic properties of Fe thin films over MgO substrates. [5] [6] [7] [8] [9] [10] [11] Also a large number of works has been devoted to Fe/MgO multilayered structures. [12] [13] [14] [15] [16] In agreement with an early paper, 4 recent ab initio spin-density-functional calculations 17 indicated an increased magnetic moment (2.94μ B ) at the (001) surface of the bcc-Fe layer and pointed to the role of in-plane tensile strains in a further increase of it. Next, the prediction of a very high tunneling magnetoresistance of Fe/MgO/Fe trilayers 18, 19 can be pointed to in the row of theoretical works that had a significant impact on the experimental studies. 20 At present, the Fe-MgO system is considered as part of the heterostuctures 21, 22 constructed to utilize the magnetoelectric effect, 23, 24 which arises from the spin-dependent screening of the electric field at the surface or interface of a ferromagnetic metal.
The preparation-dependent structural 25, 26 and chemical properties of the metal-insulator interface have a key role in the actual value of the Fe magnetic moment, the magnetic anisotropy, or the tunneling magnetoresistance. The formation of FeO at the interface has been proposed in many works, [27] [28] [29] [30] [31] [32] but there are a number of experimental reports on the absence of it [33] [34] [35] [36] [37] as well. While the experimental results are controversial, theoretical calculations on the magnetic and transport properties attribute a significant effect to the structural and oxidation state at the interface. 38, 39 Mössbauer spectroscopy is one of the most sensitive methods to investigate the charge state and the magnetic moment of the interfacial Fe atoms. In the literature, however, there are relatively few studies of the Fe-MgO interface. 8, 12, 40, 41 To study a few monolayers of Fe, conversion electron Mössbauer spectroscopy (CEMS) is the most effective method, since 90% of the utilized nuclear deexcitations takes place not by γ radiation, but through the emission of conversion electrons. In spite of this, the first studies 12, 40 were made on evaporated MgO and Fe layers over different substrate materials to facilitate absorption measurements, which are more easy to carry out at low temperatures. Thin Fe layers epitaxially grown over MgO single crystal substrates have only been measured above 80 K by CEMS. 8 A CEMS measurement performed at 4.2 K can be found in the case of a multicomponent heterostructure 42 containing a 5-monolayers (ML) 57 Fe layer, which is grown over a 3-nm evaporated MgO(001) layer and capped by a Fe-Tb multilayer structure and Cr.
Low-temperature measurements are essential to study the interface properties since few-ML-thick Fe layers were reported to be superparamagnetic at elevated temperatures in many studies, 5, 8, 10, [13] [14] [15] 26, 43 indicating a discontinuous layer over the MgO substrate. Beyond possible experimental errors, superparamagnetic relaxation and oxide formation can both play a role in the controversial experimental results 44, 45 on the value of the Fe magnetic moment at the interface. While the formation of a ∼2-3-Å thick magnetically dead layer 44 was attributed to chemical intermixing and a consequent FeO formation at the Fe/MgO interface, the observation of a 4μ B magnetic moment at small Fe thickness 45 was also explained by a charge transfer between the facing O and Fe atoms.
The aim of the present work is to study by Mössbauer spectroscopy the extent of charge transfer and magnetic moment perturbation at the Fe-MgO interface. This will be examined in the case of few-ML-thick Fe layers grown epitaxially over single crystal MgO(100) substrates and caped by a vacuum evaporated MgO layer. The effect of substrate treatment, e.g., cleaving or polishing, will also be studied, since it was shown previously that the form of MgO substrates plays an important role on the structural and magnetic properties of iron films. 8 To rule out the effect of superparamagnetic relaxations, former studies 8, 41 will be complemented by CEMS measurements at 15 K.
II. EXPERIMENTAL
The samples were prepared and characterized in a multichamber UHV system 46 with the base pressure below 10 −10 mbar. The system was equipped with a load-lock facility, a universal sample mounting and transfer system, standard surface characterization methods [a four-greed electron optics for low-energy electron diffraction (LEED) and Auger electron spectroscopy], an MBE system for deposition of several metals including 57 Fe isotopes, and a CEMS spectrometer. All samples were deposited on MgO(001) substrates that were cleaved ex situ prior to the introduction into the UHV system or on polished ones. The substrates were UHV annealed at 990 K for 30 min. For the cleaved substrates, such treatment resulted in a clean surface showing only traces of carbon contamination and a perfect background-free 1 × 1 LEED pattern. The cleanness of the polished substrate was further improved by depositing a thin (around 50Å) homoepitaxial MgO layer on the substrate kept at 990 K.
Iron, enriched to 90% with the 57 Fe isotope, was deposited from a BeO crucible heated by wraparound tungsten coils. The crucible assemblies were embedded in a water-cooled shroud and the pressure during the deposition remained in the 10 −10 mbar range. The series of samples containing 4, 6, 8, and 10 ML 57 Fe layer were grown at a rate of 0.025 ML/s. The MgO buffer and capping layers were evaporated by electron bombardment from a single crystal piece. The film thickness was controlled during the deposition by quartz thickness monitors with an accuracy of about 0.2 ML. The Fe and the capping layers were deposited on substrates kept at room temperature.
The Fe films were characterized in situ 8 by LEED. The LEED patterns showed an epitaxial growth of (001) oriented films with in-plane crystallographic relations: Fe[100] MgO [110] . Broadened LEED spots indicated imperfect growth: nucleation of small islands resulted in granular film structures. There was no apparent difference in the LEED patterns for the films grown on cleaved and polished substrates.
The Mössbauer measurements were carried out by using a conventional constant acceleration-type spectrometer. For the detection of the conversion electrons, a lowbackground proportional counter filled with H 2 was used at low temperatures. 47 At temperatures higher than 70 K, a 96%He-4%CH 4 gas mixture was used for the measurement. The spectra were measured by a 50 mCi 57 Co(Rh) single line source. The isomer shift (IS) values are given relative to that of α-Fe at room temperature.
III. EXPERIMENTAL RESULTS
The room-temperature spectra of the samples show pronounced differences, as it can be seen in Fig. 1 . While relaxation broadening of the lines and the appearance of paramagnetic components are observed in the case of the 4-and 6-ML samples, the 8-and 10-ML samples show magnetically split spectra that can be described by two modestly broadened sextets. The linewidth is close to 0.6 mm/s for the 10-ML sample while a Voight line profile 48 with 1.4 and 3.7-T width for the two components could be fitted to the spectrum of the 8-ML sample. The hyperfine fields (HF-s) are significantly lower than the 33 T value of bulk bcc-Fe even for the larger field components (29.9 and 31.5 T for the 8-and 10-ML samples, respectively). The evaluation of the spectra of the 4-and 6-ML samples by components with Lorentzian line shape, as shown in Fig. 2 , is evidently not physically meaningful, however, it is often used 49 in order to make an approximation on the superparamagnetic blocking temperature. The superparamagnetic relaxation emerges as a broadening of the lines and a change of the line shape of the magnetic sextets at low frequencies, which gradually collapse into a single line at higher frequencies. Size distribution of the grains always results in the coexistence of magnetically split and single line components over a certain temperature range. Experimentally, the blocking temperature can be defined as the temperature where the paramagnetic and magnetic components have equal spectral fraction. This way, the blocking temperature of the 4-ML sample is lower than that of the 6-ML sample. The broad lines and the low values of the hyperfine field as compared to the bulk one in case of the 8-and 10-ML samples might also be due to a slow relaxation as a consequence of blocking temperature above room temperature.
The low-temperature CEMS spectra of the sample series on cleaved substrates are shown in Table I . The IS is supposed to be linearly correlated with the hyperfine field in the calculations, the fitted linear functions are also plotted in Fig. 3 . A uniform quadrupole splitting (QS) of the subsextets was also allowed, but the fitted values were close to zero.
Since the above calculations contain a restriction on the IS distribution, the low-temperature spectra were also evaluated by independent sextets with Voight line broadening. Three   TABLE I . Calculated values belonging to the distributions shown in Fig. 3 . HF av and IS av are the average values of the hyperfine field and the isomer shift, STD is the standard deviation of the Hf distribution, >36T stands for the sum of the spectral intensity of the subsextets above 36 T, and I 2−5 is the fitted common relative amplitude of the 2nd and 5th lines of the subsextets. independent components resulted in χ 2 values comparable to those obtained by the Hesse-Rübartsch method in case of the 4-, 6-, and 8-ML samples, while for the 10-ML sample two components were enough to produce a similar quality fit. The parameters of these evaluations are summarized in Table II , while Fig. 2 shows the calculated spectra for the Voight-type evaluation and the fitted subspectra for each sample.
ML HF av (T) STD(T) >36T
The two kinds of evaluations-histogram-type distribution and three or two independent components broadened by a Voight profile-resulted in similar average values of the hyperfine field, and the I 2−5 amplitudes as can be seen comparing Tables I and II. Both types of evaluation indicate a significant fraction of Fe atoms that have HFs much larger than that of bulk bcc-Fe at low temperature (33.8 T). The component around 37 T in the Voight-profile fit has intensities around 30% for all the samples. For comparison, the sum of the normalized probabilities above 36 T in case of the hyperfine field distributions of Fig. 2 is also shown in Table I . These numbers also indicate a large number of Fe atoms with an increased hyperfine field in all the samples. Here, we note that in case of the thinner samples the intensity of these components decreases smoothly with increasing hyperfine field. The small peaks around 41 and 38 T in case of the 10-ML Fe sample (2) are typical artifacts of the fitting procedure. 51 If they were connected to some interface property, they would show up even more intensively for the thinner Fe layers, which is not the case. The contribution of the low-field components around 30 T is smaller and decreases fast with the increase of the Fe layer thickness. As an interplay of the gradual decrease of the hyperfine field of the central component and the decreasing intensity of the low-field components, the average hyperfine field remains constant within the experimental errors. The IS values of the independent sextets (not shown in the table) slightly deviate from the value corresponding to the respective value of HF in Fig. 3 , being in the 0.22-0.3 mm/s range both for the low-and the high-field components, which explains the slightly larger average IS values, as compared to those in Table I .
The most conspicuous difference among the spectra of Fig. 2 lies in the gradual increase of the intensity of the 2nd and 5th lines (I 2−5 ) as the Fe layer thickness increases. Note that I 2−5 was supposed to be equal for all the 20 subsextets of the distributions, while it was an independent parameter for the components in the Voight-type evaluations. In the latter case, the I 2−5 values were systematically slightly smaller for the high-field components (0.2, 1.4, and 3.4 for the 6-, 8-, and 10-ML samples, respectively) than that of the central one (0.7, 2.0, and 4.0 for the 6-, 8-, and 10-ML samples, respectively). The I 2−5 line intensities give information on the direction of the average magnetization according to the formula I 2−5 = 4sin 2 θ / (1 + cos 2 θ ), where θ is the angle between the direction of the magnetization and the γ rays. According to this, the spontaneous magnetization of the 4-ML sample is almost parallel to the γ rays, i.e., perpendicular to the sample plane at 15 K. The 10-ML sample shows an in-plane magnetization both at room and low temperatures, while in case of the 8-ML sample the magnetization changes direction with temperature, as it can be seen by comparing the respective spectra of Figs. 1 and 2 . This behavior was further studied at intermediate temperatures and a continuous change of I 2−5 is observed, as it is shown in Fig. 4 .
The spectra of 4 ML 57 Fe grown on a polished MgO substrate and measured at 15 and 300 K are shown in Fig. 5 . The room-temperature spectrum can be described with a singlet (IS = 0.05 mm/s) and a doublet (IS = 0.2 mm/s, QS = 0.74 mm/s), similarly to that what was observed earlier 8 for a 5-ML sample. The presence of fast relaxing components is evident even at 15 K and the magnetically split component is broader and has a smaller average HF (33 T) than in case of the 4-ML sample over cleaved MgO. The I 2−5 value is also very different (I 2−5 ≈ 2), which is probably due to a random distribution of the magnetization directions. All these features can be due to a blocking temperature close to 15 K. not supported by our Mössbauer measurements. The hyperfine parameters of these compounds have been studied extensively since long as they depend on stoichiometry and defect structure. Bulk wüstit is paramagnetic at room temperature and-except the case when x is close to zero-the spectrum shows an apparent quadrupole doublet with broad lines which can be decomposed into sub-sub-spectra belonging to Fe 2+ and Fe 3+ atoms at different lattice sites. 52, 53 The largest contribution comes from Fe 2+ ions at regular octahedral sites that give quadrupole splitting around 0.6 mm/s and IS around 1 mm/s. Below about 195 K, wüstit orders antiferromagnetically and the 4.2 K spectrum consists of magnetically split components in the range of 38-51 T. Ferropericlase is paramagnetic even at 80 K and also shows large IS and QS in the whole solid solution range. 54 The CEMS of FeO ultrathin films on MgO substrate have also been studied 55 and beyond the close-to-bulk components, a FeO-MgO interface component was identified with IS and QS approaching 0.9 and 2 mm/s, respectively. When comparing all these results to the parameters of Tables I and II, Table II and fix their hyperfine parameters to the value typical for Fe 2+ in wüstit, the fitting allows less than 5% spectral area for these components. This means less than 0.2-ML Fe atoms at the two interfaces, i.e., 0.1 ML as an upper limit for the amount of Fe atoms in chemical interaction with the neighboring oxygen atoms at the interface. Further studies of samples with thinner Fe layers or transmission measurements of multilayers in external field might allow a more precise determination of this number.
Comparison of the spectra measured at 300 and 15 K (see Figs. 1 and 2 ) makes it evident that the variation of the 300 K spectra with increasing Fe layer thickness, and the appearance of broad magnetically split components indicate the presence of superparamagnetic relaxation for samples below 8-ML Fe thickness. This finding is consistent with the Fe percolation threshold around 0.8 nm, which was deduced from different magnetic measurements. 13, 14, 43 The few-ML percolation threshold is a consequence of the cluster-type growth mode, and below this limit, the increasing superparamagnetic blocking temperature signals the increasing average cluster size.
The three components fitted to the 15-K spectra belong to Fe atoms in different local neighbourhoods. The HFs of the second components agree well with the position of the maximum of the distributions in Fig. 3 and they lay closest to those of bcc Fe. The intensity of this component increases with increasing Fe layer thickness and can be attributed to Fe atoms in the center of the Fe layer. The IS values also support this assignment. Dipole fields in the thin layers, 56 as well as lattice strains, may explain the slightly increased HFs as compared to the bulk value.
The origin of the other two components is less straightforward. The relation between the local magnetic moment and the hyperfine field might be similar to other systems where increased magnetic moments and larger than bulk Fe hyperfine fields have been observed, e.g., for Fe-Ag 56, 57 and Fe-Pd. 58 Based on theoretical calculations, 58, 59 in these systems, the smaller-and larger-than-bulk hyperfine field components were attributed to Fe atoms at the interface and at the subinterface layers, respectively, while the local Fe magnetic moments were larger than the bulk value in both layers. The proportionality (around 15 T/μ B ) generally observed in bulk Fe alloys between the magnetic moment and the hyperfine field is lost at the interface basically due to the valence electron contribution of the contact hyperfine field, which is reduced 59 or changes sign 58 from negative in the interior of the Fe layer to positive at the interface. In case of a perfect layer-by-layer growth, the interface component would make 50%, 33%, 25%, and 20% in case of the 4-, 6-, 8-, and 10-ML thickness, but cluster formation on one hand reduces these numbers and on the other hand broadens the hyperfine field distribution 57 due to the variance in the number of nonmagnetic neighbors at cluster interfaces. The increase of the Fe atomic volume due to the lattice mismatch of the epitaxial layers contributes both to the increase of the magnetic moments and to the appearance of larger-than-bulk hyperfine fields. Here, we note that in case of a special sample structure, MgO/5 ML 57 Fe covered by 2.6-nm natural Fe layers and a Fe/Tb multilayer structure, the increased HF is attributed to the dipole field originating from the perpendicular alignment of the magnetization. Our results undoubtedly show that there is a significant amount of increased HF components in case of samples with random or close to in-plane orientation of the magnetization. The volume increase is also in line with the increased IS values, which are, however, not large enough to be explained by the presence of Fe 2+ ions. Very similar, increased IS values can be observed in various metallic multilayers, e.g., in Fe-Ag. 56, 57 The above interpretations are consistent with that given for the room-temperature paramagnetic spectra, 8 where different ratios of metallic (single line with close to zero IS) and interface (quadrupole doublet) subspectra were decomposed, similarly to what is shown for the present 4-ML sample over the polished substrate in Fig. 5 . Both the interface Fe atoms and those in an epitaxially strained lattice can exhibit a quadrupole splitting.
At 15 K, the small value of I 2−5 in case of the 4-ML sample shows an almost perfect perpendicular alignment of the magnetization, which gradually turns to an in-plane direction as the Fe layer thickness increases. Different magnetic studies have already revealed a variety of anisotropy behaviors of this system 2 as a function of layer thickness and preparation conditions. Beyond the expected in-plane cubic anisotropy, an additional in-plane uniaxial anisotropy 9 was identified in many studies. The appearance of a perpendicular anisotropy component has been observed in Au coated Fe thin layers over MgO substrates. 6 Very large perpendicular anisotropy energies were observed in trilayers of Pt/Co(Fe)/MO x (M = Ta, Mg, Al, Ru) structures over a silicon wafer, 60, 61 which could be achieved by a proper degree of oxidation, and was attributed to the magnetic anisotropy at the Co(Fe)/AlO x interface. It was associated with the formation of Co-O bonding and the replacement most of the Co-Al bonding at the interface. In recent theoretical calculations 62 concerning the Fe/MgO interface, the perpendicular magnetic anisotropy is ascribed to the hybridization of the Fe-3d and O-2p orbitals, among a few further factors. In our case, an almost perfect perpendicular alignment is realized when a large fraction of close-to-bulk component is observed and a low upper limit can be set to possible oxide-like components.
The origin of the in-plane to out-of-plain magnetic transition in this system is not yet clear and according to our knowledge neither experimental nor theoretical results on the temperature dependence of the energy of the possible anisotropy components have yet been reported. The variation of I 2−5 with temperature in case of the 8-ML sample (see Fig. 4 ) might indicate that strains arising due to different thermal expansion of the layers play a role. An explanation based merely on interface anisotropy is questioned by the cluster-type growth mode and the small (few nm) grain size, which can be deduced from the superparamagnetic behavior. Strain and lattice distortions can very effectively change the magnetic anisotropy and that way epitaxial growth can affect the magnetic state. 63, 64 In case of bcc Fe and fcc MgO, the mismatch of the bulk lattice parameters is 4%, but the effective variation may be influenced by lattice relaxation processes and defects. In case of a Fe/MgO multilayer with out of plane magnetization, 65 1% increase of the Fe lattice parameter was deduced from x-ray line-profile analysis. The variation of the interatomic distances in a 300 K temperature range is an order of magnitude smaller (with bulk parameters) than the above change, however, in case of a delicate balance between anisotropies favoring in-plane and out-of-plane orientations it might play a decisive role. It is interesting to note, however, that a smaller decrease of I 2−5 was observed in the same temperature range in case of a Fe/Ag multilayer, 66 although the thermal expansion coefficient of Ag (≈19 × 10 −6 K −1 ) is larger than that of Fe (≈12 × 10 −6 K −1 ) and MgO (≈10 × 10 −6 K −1 ). The details of the layer growth can also make a difference as it is demonstrated by the close-to-random distribution of the magnetization in case of the 4-ML sample deposited onto the polished substrate.
V. CONCLUSIONS
We have shown by low-temperature conversion electron Mössbauer spectroscopy measurements of ultrathin Fe layers that charge states of Fe atoms similar to those in Fe 1−x O or (Mg,Fe)O are not formed at the Fe-MgO interface. The calculated hyperfine field distributions are comparable to those determined in some metallic multilayers and the hyperfine fields larger than 36 T can be attributed to the interface region between the epitaxial Fe and MgO layers. The observed superparamagnetic behavior is consistent with a cluster-type growth mode. The direction of the spontaneous magnetization changes with the Fe layer thickness and with temperature. At low temperature, an almost perpendicular alignment is observed in case of the smallest nominal Fe layer thickness. The different thermal expansions of the epitaxial layers can play a role in the temperature dependence of the anisotropy directions.
